In patients with cirrhosis, the gut microbiome are affected by multiple gut and systemic alterations. These changes lead to dysbiosis in the microbiota of different parts of the body, resulting in inflammation. The constant immune stimulation resulting in part from dysbiosis is associated with morbidity in patients with cirrhosis. Dysbiosis as a dynamic event worsens with decompensation such as with hepatic encephalopathy, infections or acute-on-chronic liver failure (ACLF). These microbial patterns could be applied as diagnostic and prognostic measures in cirrhosis in the outpatient and inpatient setting. Current therapies for cirrhosis have differing impacts on gut microbial composition and functionality. Dietary modifications and the oral cavity have emerged as newer targetable factors to modulate the microbiome, which could affect inflammation and, potentially improve outcomes. Additionally, fecal microbial transplant is being increasingly studied to provide compositional and functional modulation of the microbiome. Ultimately, a combination of targeted therapies may be needed to provide an optimal gut milieu to improve outcomes in cirrhosis.
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1,2 The human microbiome, which can be considered as a complex organ system in itself, 3 consists of 10-100 trillion bacteria, fungi, and viruses. In healthy individuals, the microbiome is responsible for maintaining homeostasis at the intestinal level and systemically through various metabolites.
Gut microbial analysis is more expansive compared with the culture-dependent techniques for analysis that were used in the past. The samples (fecal, oral) can be analyzed for bacterial RNA or DNA (Figure 1 ). Once the samples are collected, samples scheduled for RNA analysis need to be placed in an RNA later solution for preservation. Samples undergo extraction of nuclear material and then undergo 16sRNA polymerase chain reaction amplification. The samples are then fed into an automated machine that compares the sample data to a large database of available microbial profiles. There are multiple available automated machines and software available for bioinformatics. Depending on the type of analysis and coverage depth, the results can be at genus level (16s) or at species level (metagenomics). Data can be compared using several methods: 1) a diversity: number of different types of microbial taxa within a group (analyzed using Simpson, Chao1, or Shannon indices); 2) b diversity: differences in diversity between groups (can be analyzed using UNIFRAC); 3) individual taxa differences (eg, by LEfSE linear discriminant analysis effect size or by nonparametric tests); and 4) tests of function, which can be indirect or direct. Indirect analysis could be the gene expressions based on the metagenomic data, and PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States), which analyzes 16sRNA raw sequence data for gene content prediction of KEGG pathways and COG scores, among others. Direct tests are actual functional correlates of microbial function such as endotoxemia and secondary bile acid production. Ultimately the depth of coverage, functional assessment, and costs need to be balanced with the question that needs to be answered.
The human intestinal bacterial microbiome is broadly classified into multiple phyla with the more clinically relevant ones in cirrhosis being Firmicutes, Bacteroidetes, and Proteobacteria. The autochthonous taxa (ie, taxa responsible for homeostasis) at baseline consist primarily of the Firmicutes. These bacteria are relevant for synthesis of short-chain fatty acids (SCFAs) such as butyrate, palmitate, and acetate from carbohydrates, and these SCFAs have local intestinal barrier stabilizing properties 4 and also serve as nutrients for the colonocytes. 5 The autochthonous taxa contain bacteria that convert primary bile acids (BAs) to secondary BAs via the enzyme 7-a dehydroxylase. 6 The other nonautochthonous taxa consist of multiple other gramnegative (GN) bacterial species such as Escherichia coli and Klebsiella that are usually associated with systemic infections such as spontaneous bacterial peritonitis (SBP). 7 In cirrhosis, there is a change in the existing balance within the intestinal microbiota. This change is referred to as dysbiosis, a pathological condition that results in a compositional and functional change in the intestinal microbiota that results in propagation and increased complications in cirrhosis. 8 Due to dysbiosis, homeostatic mechanisms described previously are in disarray and pathogenic bacteria tend to dominate. 8, 9 The etiology for dysbiosis has been proposed to involve, first, reduced BA synthesis in cirrhosis and lower amounts reaching the duodenum. BAs have a detergent action and are toxic to bacteria. 10 BAs influence the intestinal mucosa and effect the synthesis of antibacterial peptides. 11, 12 Second, small intestinal bacterial overgrowth (SIBO), which is widespread in cirrhosis and in the precirrhosis state. [13] [14] [15] [16] SIBO results in an increased quantity of bacteria, functional changes in the bacteria, and increased intestinal permeability. 14 It is important to understand that dysbiosis truly begins before development of cirrhosis during progression of chronic liver disease. This precirrhosis microbial change is largely driven by the underlying disease etiology. Boursier et al 17 showed that there was a significant difference in the abundance of genera Bacteroides and Ruminococcus in patients with biopsy-proven nonalcoholic steatohepatitis (NASH) with and without liver fibrosis (!F2). Patients with NASH (no fibrosis) had a predominance of Bacteroides and those with NASH and fibrosis had a higher relative abundance of Bacteroides and Ruminococcus. The predicted microbial functionality between NASH and nonalcoholic fatty liver disease (NAFLD) were different and Bacteroides associated functionality probably promoted NASH. 17 Loomba et al 18 utilized the microbial profile for distinguishing between advanced fibrosis in NAFLD. They included 86 biopsyproven NAFLD patients (14 with stage 3 or 4 fibrosis).
Using a metagenomic profile of 37 selected species along with age, body mass index, and diversity, they generated a model with an area under the curve of 0.936 to differentiate between early and advanced fibrosis in NAFLD. 18 The predicted metabolite functional change was not significant between groups but advanced fibrosis NAFLD patients had higher 3-phenylpropanoate, a product of anaerobic bacterial metabolism.
Another study showed that certain families (Bacteroidaceae and Porphyromonodaceae) from the Bacteroidetes phyla were more enriched, while Veillonellaceae were less common in patients with NASH cirrhosis compared with those with cirrhosis from other etiologies. 8 Similarly, in alcoholic liver disease, gut microbial changes are driven early by alcohol itself. Chronic alcohol use results in increased intestinal permeability. 19 Bala et al 20 studied the effects of acute alcohol consumption on serum endotoxin in healthy volunteers and noted that acute alcohol intake resulted in serum endotoxemia even in this population. More interestingly, they noted alcohol induced endotoxemia resulted in a prolonged increase in lipoprotein binding protein and CD14 with increased bacterial 16S rDNA at 24 hours, which reflected gut bacterial translocation. 20 Mutlu et al 21 showed that serum endotoxin levels were not different between alcoholics with and without liver disease, suggesting that alcohol use resulted in dysbiosis and endotoxemia. The relative abundance of stool Bacteroidaceae was reduced in alcoholics with and without liver disease compared with control subjects but not within alcohol use groups. 21 This suggests that microbial changes were not able to differentiate between alcoholic patients who developed liver disease compared with those who remained free of it. In another study on the effects of alcohol on intestinal permeability and dysbiosis, microbiota composition influenced gut barrier function; intestinal permeability negatively correlated with the total quantity of bacteria and specifically with bacteria in the Ruminococcaceae family in noncirrhotic individuals. Alcohol abstinence increased the abundance of genus Ruminococcus in those with increased intestinal permeability. 22 Similar changes are seen in patients with alcoholic liver disease after they progress to cirrhosis. A study showed that multiple genera from the phyla Firmicutes were less abundant, while Enterobacteriaceae were more abundant in the alcoholic cirrhosis group compared with the nonalcoholic cirrhosis patients. 8 Hence, dysbiosis starts early in liver disease, progresses as the disease progresses, and is largely initiated by the insulting etiology itself.
Progression from compensated to decompensated state does not have a set course or timeline. Multiple conditions result in acute decompensation, such as ongoing alcohol use, development of hepatocellular conditions, acute portal venous thrombosis, and infections. The role of gut microbiota is highly relevant (with respect to infections and hepatic encephalopathy [HE] ) for progression to chronic decompensation, and even for acute on chronic decompensation. Studies have shown that bacterial DNA frequently translocate into the ascitic fluid in decompensated cirrhosis (without SBP) and this translocation is associated with an increased systemic inflammatory response, endotoxemia and negative outcomes. 23, 24 With decompensation, dysbiosis worsens and results in increased systemic inflammation and endotoxemia. 8, 25 From an infections standpoint, SBP is typically caused by GN gut-derived bacteria such as Escherichia coli.
7 SBP infections have a high mortality of 42%-67% during admission despite management of infections. 26, 27 In a large European cohort, bacterial infections raised the risk of mortality by 4 fold with a mortality rate of 43.5% as opposed to 13.6% for those without. 28 A similar high mortality of 23% in 30 days and association with extrahepatic organ failures, that is, renal failure, high-grade overt HE (OHE), 29 pulmonary failure, and circulatory failure, was noted in a large North American cohort. Multiple studies have shown a clear association of dysbiosis to cognition and HE. 8, 30 Given these strong associations between bacterial infections and mortality in cirrhosis, understanding the gut-liver axis and what influences it is very relevant, as it provides us with potential points of intervention during insult (precirrhosis) and after cirrhosis to prevent decompensation and its associated morbidity or mortality. For example, using rifaximin a nonabsorbable antibiotic modulates the microbiome 31 and helps in alleviating HE, 32 which is closely linked to gut dysbiosis in cirrhosis. Other studies utilizing probiotics have shown to alleviate systemic inflammation and endotoxemia in cirrhosis 33, 34 with alleviation in cognitive impairment (ie, minimal HE [MHE]). Similarly, this information can be used for prognostication and prediction of mortality will be discussed later in the review.
Historical Culture-Associated Data on Microbiota in Cirrhosis
Past studies gathered culture-based data in cirrhosis mainly in the context of SIBO and infections. There have been numerous studies on bacterial infections in cirrhosis however, the first association of the gut microbiota, that is, alterations in patients with CLD was described as early as 1921 by Hoefert et al. 35 In 1970, Floch et al 36 noticed that there was a significantly increased viable gram-positive (GP) and GN bacterial count in stool from cirrhosis patients. Bauer et al 37 showed that SIBO diagnosed by jejunal aspirate was widely prevalent in cirrhosis (59%), was associated with use of acid suppressive therapy and was associated with systemic endotoxemia. From an infections standpoint, bacterial translocation to lymph nodes was noted to increase with increasing child score, but occurred with Enterobacteriaceae in only 25% patients. 38 Most of the early culture data supported GN bacteria as the source for SBP, and urinary tract infections but GP organisms are now emerging as important causative agents for SBP and nosocomial infections in patients with cirrhosis. 39 Riggio et al 40 examined the effect of lactulose and lactitol on the fecal microbiome in 21 cirrhotic patients (without HE) and found that both drugs resulted in a reduction in Enterobacteria and Enterococci but a 2-log increase in Lactobacilli after 10 days of use. Tarao et al 41 studied the effect of lactitol for 4 weeks on the fecal microbiota and found an increase in occupation ratio (number of specific bacteria divided by total number of bacteria detected [relative abundance]) of Bifidobacterium, reduced occupation ratio of Clostridium and Bacteroides and increased total Lactobacillus count. Last, Liu et al 42 examined the effect of synbiotics on fecal microbiome in cirrhosis patients with MHE and noted that synbiotics increased the Lactobacillus count with reduction in E. coli and Staphylococcus. Culture-based studies therefore demonstrate a changing bacteriology from GN to GP microbiota as etiologies of infections in cirrhosis. The culture-based experience also shows favorable changes in potential probiotic bacteria after synbiotics and lactitol therapy. While the standard of care to guide clinical therapy remains culture based, there are further developments related to cultureindependent techniques to understand the pathophysiology of the altered gut-liver axis.
Cirrhosis as a Systemic Disease With Global Immune Dysfunction
Cirrhosis, though primarily a liver pathology, with progression and decompensation may involve other organ systems such as the central nervous system (hepatic encephalopathy), renal system (hepatorenal syndrome), and pulmonary system (hepatopulmonary syndrome). The connection to most of these organ systems is known to be due to portal hypertension and its resultant systemic hemodynamic changes. In hepatic encephalopathy, gut microbiota-derived ammonia is felt to be a major neurotoxin though the microbiota interact with the brain indirectly via inflammatory mediators. 43 Cirrhosis, however, also affects the immune system and results in an immune paralysis state that leaves the body susceptible to the influences of dysbiosis and bacterial complications ( Figure 2 ). In cirrhosis, there is an immune dysfunction not only locally at the liver and intestines levels, but also systemically at the body's innate immune system level, with upregulation of systemic inflammation. 44 Specifically, there is a reduction in the synthesis of proteins of the immune system such as complement components, soluble pattern recognition receptors (eg, lipoprotein binding protein, sCD14), and acute phase proteins. Additionally, at the liver level the Kupffer cells, the reticuloendothelial system, and the sinusoidal endothelium are damaged and result in reduced immune surveillance capacity with reduced clearance of bacteria and endotoxins that come its way via the portal vein from the intestines. 45 At the level of the intestines, there is an immune dysfunction to the gastrointestinal associated lymphoid tissue or Peyer's patches. Due to the constant exposure to bacteria and bacterial products, there is local inflammation resulting in increased intestinal permeability 46 and generation of systemic inflammatory mediators. Systemically, cirrhosis results in reduced immune cell function across the spectrum, that is, reduced neutrophil opsonization or phagocytic activity, 47, 48 reduced monocytic phagocytic activity, 49 and defective B cell, 50, 51 T cell, 52, 53 and natural killer cell functions ( Figure 2 ). 54 Eventually, the upregulated systemic inflammation overwhelms the immune system, leading to the state of immune paralysis. 44 The source of the upregulated inflammation is primarily the circulating immune cells as well as immune cells in the intestine. The main instigator of inflammation is the gut-derived bacteria and bacterial products (pathogen-associated molecular patterns) combined with liver origin damage-associated molecular patterns. Metabolomics looking at these inflammatory markers and endotoxins have shown a clear correlation (positive and negative) to the gut microbiota to support the theory that systemic inflammation is driven by the dysbiotic microbiota. A study that examined stool microbiota and systemic inflammatory markers in cirrhosis found a significant elevation in proinflammatory cytokines levels between those with HE and those without HE. More importantly the study noted a strong correlation between inflammatory cytokines (interleukin [IL]-2, IL-4, IL-23, and IL-13) with certain microbial families (Enterobacteriacae, Veillonellaceae, and Fusobacteriaceae) in those with HE, but no correlations were noted for those without HE. 30 This suggested there could be a synergy between the gut microbiota and inflammation.
Hence, we see that in cirrhosis there is a heightened susceptibility to bacterial infections secondary to a global immune dysfunction, there is an upregulation of systemic inflammation driven primarily by a dysbiotic gut microbiota and these factors lead to worse outcomes (Figures 3)
Microbial Functional Changes Related to Dysbiosis
As we have mentioned previously dysbiosis is not just a compositional change in the microbiota but more importantly a functional change. The biggest notable change is in BA physiology that is altered due to cirrhosis and further altered by the dysbiotic gut microbiota. Bile components apart from sloughed intestinal cells and the food we eat are sources of nutrition to the colonic intestinal microbiome, where the majority of the intestinal bacteria reside, though from a phyla perspective the diversity is low and restricted mainly to Bacteroidetes and Firmicutes. 55 BAs are normally produced by 2 pathways: the classic, or "neutral," pathway and the "acidic" pathway. The classic pathway is regulated by (CYP7A1), whereas the acidic pathway is regulated by (CYP27A1). Primary BAs (ie, cholic acid [CA] and chenodeoxycholic acid [CDCA] ) are produced in the liver by these pathways. In cirrhosis there is a downregulation of the traditional pathway (ie, downregulation of CYP7A1 by proinflammatory mediators) and the acidic pathway Stool/cirrhosis (36) vs control subjects (24) Bacteroidetes was reduced in cirrhosis whereas Proteobacteria was increased in cirrhosis. Streptococcaceae correlated positively with CTP, whereas Lachnospiraceae correlated negatively.
This was the first major study to show widespread dysbiosis in cirrhosis and first to show reduction in autochthonous taxa and increase in pathogenic ones.
Bajaj et al 2012 30 Stool/cirrhosis (25) with 17 with OHE vs control subjects (10) Increased Bacteroidetes and reduced autochthonous taxa in cirrhosis. Increased Veillonellaceae in OHE compared with no OHE as only significant difference. Enterobacteriaceae positively correlated with MELD and Ruminococcaceae negatively. Porphyromonadaceae correlated with poor cognition. Enterobacteriaceae and Veillonellaceae associated positively with inflammation and endotoxemia whereas Ruminococcaceae associated negatively.
This was the first major study to assess the correlation among dysbiosis, systemic inflammation, endotoxemia, and OHE in cirrhosis. The study showed that certain families predominated during decompensation and associated with inflammation and poor cognition. The stool microbiome between OHE and no OHE was not very different. The study showed that lactulose had minimal effect on the composition of the stool microbiota. Mutlu et al 2012 21 Sigmoid mucosa/alcoholics with no liver disease (28) vs alcoholic cirrhosis (19) vs control subjects (18) Median abundance of Bacteroidetes reduced and Proteobacteria increased in alcoholics. There were increased endotoxin levels in alcoholics.
Sigmoid mucosa exhibits dysbiosis in cirrhosis. Dysbiosis and endotoxemia occurs in alcoholic liver disease irrespective of cirrhosis. This is a long-term phenomenon not influenced by sobriety. Bajaj et al 2012 25 Stool þ sigmoid mucosa/cirrhosis (60) with 36 with OHE vs control subjects (17) Increased Firmicutes was noted in stool and sigmoid mucosa.
There was a higher abundance in mucosa of members of Enterococcus, Veillonella, Megasphaera, Bifidobacterium, and Burkholderia in the HE patients. Enterococcus, Megasphaera, and Burkholderia linked to poor cognition and inflammation.
The sigmoid mucosal microbiome differs in cirrhotics between those with HE and no HE in terms of specific genera of Firmicutes. Colonic mucosa of HE patients is associated with the proinflammatory state, endothelial activation, and poor cognition. Zhang et al 2013 89 Stool/control subjects (26) Streptococcus salivarius, a urease-producing bacteria, may be implicated in MHE.
Qin et al 2014 9 Stool/cirrhosis (98) vs control subjects (83) There was reduced Bacteroidetes with increased Proteobacteria at the phylum level. There was increased Veillonella and Streptococcus species in the cirrhosis group compared with control subjects.
This was a major study that created a general catalog for microbiota in cirrhosis. Oral-origin bacteria was found in higher relative abundance in cirrhotic patients. Bajaj et al 2014 58 Stool/compensated cirrhosis (15) vs control subjects (15) There was significant increase in the relative abundance of Streptococcaceae after PPI therapy in all groups. There was no significant change in relative abundances of other major families in patients with cirrhosis before/after PPI.
PPI therapy increases relative abundance of stool Streptococcaceae. PPI therapy induces a functional microbiota change. Hypothesized that salivary microbiota in stool is an epiphenomenon secondary to PPI use.
Bajaj et al 2014 8
Stool/Cirrhosis (244, 98 decompensated) vs control subjects (25) There was increased pathogenic bacteria (Enterobacteriaceae) with no stable autochthonous taxa in OHE. ACLF associated with increased abundance of Propionibacteriaceae and Halomonadaceae, but reduced Lachnospiraceae and Veillonellaceae. CDR was lowest in alcoholic cirrhosis. CDR was lower in decompensated cirrhosis with infections.
The study proposed the CDR as a tool for prediction of outcomes. There was lower CDR indicating worse dysbiosis and poorer prognosis. The study profiled dysbiosis in ACLF.
Bajaj et al 2014 90 Reanalysis of Qin et al Several oral origin species (Streptococcus oralis/veillonella sp.) were only found in decompensated patients.
There was the phenomenon of distal migration only in advanced cirrhosis. Kakiyama et al 2014 57 Stool/cirrhosis (47) vs control subjects (14) Cirrhotics, had a significantly higher abundance of Enterobacteriaceae but lower Lachnospiraceae, Ruminococcaceae, and Blautia (7a-dehydroxylating bacteria). Enterobacteriaceae correlated positively with CDCA and Ruminococcaceae with DCA. Rifaximin resulted in significant reduction in secondary/ primary bile acids and LCA/CDCA ratios.
Potentially pathogenic genera correlated with primary BAs. Cirrhosis is associated with a decrease in total fecal BA concentration and a reduced secondary BA conversion. Change in BAs is modulated by certain key microbiota.
Chen et al 2015 64 Stool/cirrhosis (42) vs control subjects (50) ACLF associated with significantly lower abundance of Bacteroidaceae, Ruminococcaceae, and Lachnospiraceae, but higher Pasteurellaceae, Veillonellaceae, Streptococcaceae, and Enterococcaceae . There was lower abundance of Lachnospiraceae in HE. The relative abundance of Pasteurellaceae predicted mortality.
Gut dysbiosis is associated with mortality in ACLF.
Bajaj et al 2015 60 Stool and salivary microbiota/cirrhosis (102, 43 HE) vs control subjects (32) There was higher abundance of pathogenic taxa (Enterobacteriaceae, Enterococcaceae), with reduction of autochthonous taxa in HE, in salivary microbiome. Significantly higher IL-6/IL-1b, secretory IgA with lower lysozyme, and histatins 1 and 5 in cirrhosis. Predicted functionality for salivary microbiome in cirrhosis was for endotoxin and endotoxin protein synthesis.
Salivary dysbiosis widespread in cirrhosis and follows stool dysbiosis patterns. Salivary dysbiosis ratio predicts 90-day readmission.
Ahluwalia et al 2016 91 Stool/cirrhosis (147) vs control subjects (40) There was a functional shift in microbiome toward ammoniagenic amino acid profile and predicted functionality of endotoxin and endotoxin protein synthesis in cirrhosis. The family Porphyromonadaceae was linked with all aspects of DTI. Autochthonous taxa correlated negatively with MRS. Pathogenic taxa correlated positively with increased Glx and lower mI and Cho, in control subjects and cirrhotic patients (ie, hyperammonemia-related brain changes).
Specific bacterial taxa (pathogenic ones more commonly) associate with brain MRI changes (astrocytic and neuronal).
ACLF, acute-on-chronic liver failure; BA, bile acid; CDCA-chenodeoxycholic acid; CDR, cirrhosis dysbiosis ration; Cho, choline; CTP, Child-Turcott-Pugh; DTI, diffusion tensor imaging; DCA, deoxycholic acid; Glx, glutamine/ glutamate ratio; LCA, lithocholic acid; MELD, Model for End-Stage Liver Disease; MHE, minimal hepatic encephalopathy; mI, myoinositol; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; OHE, overt hepatic encephalopathy; PPI, proton pump inhibitor.
produces more CDCA. 56 In the colon, CA and CDCA are 7a-dehydroxylated exclusively by a bacteria from the genus Clostridium to form deoxycholic acid (DCA) and lithocholic acid, respectively, 6 and help maintain a high fecal secondary-to-primary BA ratio. In cirrhosis, with less substrate for conversion of primary BAs to secondary BAs the Clostridum responsible for this are potentially reduced and more pathogenic families (ie, Enterobacteriaceae take over during dysbiosis). Kakiyama et al 57 examined the fecal and serum BA profiles in cirrhosis patients and correlated that to the stool microbiome samples. They noted that fecal CDCA was significantly positively correlated with Enterobacteriaceae and negatively with Bacterioidaceae abundance. On the other hand, no correlation between CA and the microbiome was noted. Additionally, autochthonous genera positively correlated with secondary BAs and the fecal secondary to primary BA ratios. 57 Hence, it is possible that with cirrhosis and a reduction in BA pool there is a reduction in the autochthonous taxa responsible for conversion of primary BAs to secondary BAs leading to a vicious cycle, representing a function shift in the microbiome.
Metabolomic analysis had allowed us to understand the metabolic profile of the microbiome better. Hippurate, a by-product from the metabolism of dietary polyphenols, had been noted to be reduced in cirrhosis patients. 58 In the same study the researchers found that a 14-day course of once-daily 40 mg/day omeprazole or proton pump inhibitor (PPI) could change the functionality of the microbiome in compensated cirrhotic patients compared with control subjects. Bacterioidaceae, which correlated positively with hippurate, lactate, and dimethylamine pre-PPI, changed to negative post-PPI use. These metabolomic changes were more marked in the cirrhotic patient group compared with healthy control subjects after PPI therapy. Chen et al 59 noticed marked depletions in the functional genes for amino acids, lipids, and nucleotide or isoprenoid metabolism in cirrhotic patients. Qin et al found the predicted functionality of functional genes in cirrhotic patients was for gammaaminobutyric acid synthesis, heme synthesis, and ammonia production. 9 Another study compared cirrhotic patients with control subjects and noted that cirrhotic patients had a higher expression on genes for vitamins, cofactors, and oxidant metabolism compared with control subjects, who had a higher expression of genes for carbohydrate and amino acid metabolism. 60 Boursier et al 17 looked at this aspect of the microbiome at an earlier stage in NASH (ie, !F2) compared with F0/1 fibrosis and found that !F2 enriched for carbohydrate and lipid metabolism.
Therefore, dysbiosis can affect liver disease progression by potentiating systemic and local inflammation and also generating metabolites that can impact host physiology. The metabolic potential of the microbiota, in addition to their composition, needs to be explored further. The results of some of these studies and other that studied the microbiome in cirrhosis in humans are summarized in Table 1 .
Microbiota as a Prognostication Tool
Microbial dysbiosis in cirrhosis tends to follow a pattern with a fall in the autochthonous taxa and a rise in the pathogenic taxa (primarily Proteobacteria). It might be reasonable to use this pattern of microbial dysbiosis as biomarkers for diagnosis and prognostication in cirrhosis. However, creating such an index involves firstly identifying keystone and indicator organisms. A keystone organism is one that has a disproportionately large effect on its environment relative to its abundance (ie, its adequate presence equals good health of the overall ecosystem). For example, in the marine ecosystem, the krill are the organisms on which the entire ecosystem depends on it and the adequate presence of these krill reflect the health of the overall ecosystem. The SCFA-producing taxa Ruminococcaceae and Lachnospiraceae could be considered such organisms in humans. On the other hand, indicator organisms are those whose presence in the ecosystem indicates disruption. For example, coliforms such as E. coli numbers are used to detect fecal contamination in drinking water as a routine. Therefore a biosensor should ideally have both indicator and keystone organisms.
One such measure of the degree of dysbiosis in cirrhosis is the cirrhosis-dysbiosis ratio (CDR). 8 The CDR is the ratio of Lachnospiraceae þ Ruminococcaceae þ Clostridiales incertae sedis XIV þ Veillonellaceae to Enterobacteriaceae þ Bacteroidaceae. The CDR improved on the concept of using a phylum-based ratio of Firmicutes-Bacteroidetes because there are multiple potentially pathogenic taxa such as Enterococcaceae and Staphylococcaceae in the Firmicutes phylum as well. The CDR at baseline was higher in cirrhosis patients compared with control subjects (2.05 vs 0.74). 8 On longitudinal follow up of cirrhotic patients the CDR showed significant changes as the patients went from compensated to the decompensated stage. CDR fell in patients with infections (0.34 vs 0.78) and hepatic encephalopathy (0.42 vs 1.2) indicating a rise in the denominator group organisms (ie, pathogenic shift of the microbiome); these patients also had a higher mortality. Interestingly, among different etiologies, alcoholic cirrhosis tended to have a lower CDR compared with other etiologies, indicating a shift toward more pathogenic bacteria in this etiology of cirrhosis. 8 Stool microbiota has a prognostic value for 90-day readmissions in cirrhosis. Stool Bacteroidaceae and Clostridiales XIV are predictive of 90-day hospitalizations and this is independent of Model for End-Stage Liver Disease score, history of HE, and PPI use. Those hospitalized tend to have a higher Enterococcaceae and Enterobacteriaceae, but lower Bacteroidaceae, Clostridiales XIV, Lachnospiraceae, and Ruminococcacae. 61 Salivary microbiota dysbiosis in cirrhosis provides another avenue for prognostication. The salivary dysbiosis ratio which is the ratio of Lachnospiraceae þ Ruminococcaceae þ Clostridiales incertae sedis XIV þ Veillonellaceae to Streptococcaceae was validated and has an independent predictive value for 90-day mortality in cirrhosis compared with healthy control subjects. 60 In terms of clinically relevant outcomes predicted by the microbiota in cirrhosis, apart from hospitalizations prediction, multiple studies found that the intestinal microbiota are associated with an altered gut-liver-brain axis, which results in HE. 8, 30 HE itself is associated with a high mortality of up to 36%, 62 and the mortality probability of ACLF with OHE is higher than compared with ACLF without OHE. 63 A previous single center study showed that patients with low CDR associated with lower autochthonous taxa (Lachnospiraceae [3% vs 5%] and Veillonellaceae [2% vs 4%]) and higher relative abundance of GN bacteria had higher endotoxin levels and 30-day mortality. 8 In a study of the microbiome specifically for ACLF, Chen et al 64 noted that ACLF associated with lower stool abundance of Bacteroidaceae, Ruminococcaceae, and Lachnospiraceae but higher abundance of Pasteurellaceae, Streptococcaceae, and Enterococcaceae. ACLF and HE patients had a lower abundance of Lachnospiraceae and importantly they noted that relative abundance of Pasteurellaceae was an independent predictor of mortality. 64 More recently, the use of the DNA and RNA profile of the microbiota has been applied for morbidity prediction. 65 The reasoning for comparing these 2 strategies is because the RNA profile may be more reflective of the metabolic function of the species while the DNA profile reflects a combination of living and dead bacteria. The study on 145 patients revealed that DNA and RNA profiles changed complimentarily when patients with or without infections, decompensation, renal failure, rifaximin use, and pre-or postomeprazole were studied. Using multivariable logistic regression modelling in the RNA model, only MELD score and Enteroccocus were significant. For the DNA model, MELD score, and Roseburia were significant. The area under the curve of prediction of hospitalization with RNA profile was 0.71 with clinical criteria alone but 0.77 for MELD þ Enteroccocus. The area under the curve of prediction with DNA profile was 0.70 with clinical criteria alone and 0.79 for MELD þ Roseburia.
These experiences demonstrate that microbiota composition can add to our clinical prognostication of several relevant clinical outcomes in addition to our current biomarkers. Further development of these profiles is needed for translation into practice.
Diet and Microbiota
An often underappreciated component of the gutliver-brain axis is the diet, which can be a major modulator of the gut microbiome. Dietary changes can be associated with systemic inflammation and endotoxemia, presumably derived from the gut in those populations who consume more meat 66 and the so called Western diet of refined products. 67 In a study examining the influence of a Western vs Middle Eastern diet on the microbiota and outcomes in cirrhosis patients, researchers compared 2 international cohorts (USA-157, 50 decompensated; Turkey-139, 43 decompensated) of compensated and decompensated cirrhosis patients to control subjects (USA-48, Turkey-46). They noted significantly more diversity in the Turkish cohort, with stability between cirrhosis and control subjects as opposed to the U.S. cohort, who showed much less diversity (Shannon index) that varied with disease stage. Even in the decompensated stage, compared with the U.S. cohort, the Turkish cohort had a higher relative abundance of beneficial taxa (Ruminococcaceae and other Clostridiales) and lower relative abundance of Enterococcaceae. There was a significantly lower risk of 90-day hospitalization in Turkish compared with American cirrhotic patients (P ¼ .016 all cause and P ¼ .02 liver related). The most common etiology for readmissions in the U.S. cohort was infections related and for the Turkish cohort it was acute kidney injury or ascites. On Cox and binary logistic regression, microbial diversity (odds ratio [OR], 0.78) was protective against 90-day hospitalizations, along with coffee or tea (OR, 0.38), vegetable (OR, 0.17), and cereal intake (OR, 0.38). The take-home message from this study is that dietary habits have a major impact on microbiota and the impact of a Middle Eastern diet in cirrhotic patients usually consuming a Western diet needs to be studied.
Effect of Treatments on Microbiota
Several current approved treatment options may modulate microbiota in different ways. We use HE as the paradigm condition to explain the effect of treatments on gut microbiota.
Lactulose, a nonabsorbable disaccharide, is essentially a laxative because the effect on the microbiota composition is negligible. In healthy control subjects lactulose administration did not change Bifidobacterium or other species. 68 In patients with a history of OHE after lactulose withdrawal, only Faecalibacterium spp. (6% prewithdrawal to 1% postwithdrawal; P ¼ .026) decreased with a trend toward Veillonella decrease (2% to 0%; P ¼ .06). The rest of the stool microbiota stayed same to 14 days before on lactulose abundance. 30 Rifaximin, which is a nonabsorbable antibiotic, would be expected to have a much stronger influence on the gut microbiota composition. Rifaximin does affect the gut microbiota but more on a functional than the composition level. In terms of compositional change when the colonic mucosa of patients with OHE vs no OHE was studied, with the patients being on rifaximin or lactulose or lactulose only, an increase in the relative abundance of Propionibacterium with decrease in Roseburia, Veillonellaceae, Alistipes, and Blautia were noted. 25 The same investigators examined rifaximin given for 8 weeks for cirrhosis patients with MHE and noted a significant increase in family Eubacteriaceae and concomitant reduction in family Veillonellaceae. Veillonellaceae associates with increased systemic inflammation in cirrhosis and via this effect could further the progression of cirrhosis and HE. The study showed that rifaximin did not change the overall composition and abundance but did change the microbial associations on correlations analysis. 69 From a functional standpoint the same study noted that rifaximin use associated with an increase in fatty acid and carbohydrate metabolism intermediates. 69 Given the proposed prominent role of BA's in dysbiosis, rifaximin has been noted to also suppress fecal DCA levels thereby altering the fecal secondary or primary BA ratio (which we know reduces in cirrhosis) in compensated cirrhosis only, 57 and possibly aiding in endotoxemia reduction.
Probiotics (ie, mixtures of beneficial autochthonous taxa) have been examined in cirrhosis with MHE for improving cognition via change in the microbiome. The most prominent study utilizing Lactobacillus rhamnosus GG (LGG) capsules daily for 8 weeks compared with placebo showed that at the end of the study period there was a significant decrease in pathogenic taxa associated with worse cognition (ie, Enterobacteriaceae and Porphyromonadaceae) and an increase in the autochthonous taxa (ie, Lachnospiraceae and Clostridiales XIV) in the intervention group. The CDR consequently increased in the LGG group. BA did not change significantly. 33 Functionally, post-LGG the group tended to have a reduction in potentially ammoniagenic amino acids.
Liver transplant (LT)-related modulation of the gut microbiome has been documented recently. A prior study on stool microbiota and cognition (Psychometric Hepatic Encephalopathy score) in 45 cirrhosis patients who underwent LT 6 AE 3 months after sample collections. Patients were followed and resampled 7 AE 2 months after LT. The results were remarkable where a significant increase in microbial diversity (based on Chao1 index) from 468.9 AE 263.1 to 694.9 AE 240.6 was noted post-LT. No change at the phylum level was noted post-LT. However, there was a significant decrease in potentially pathogenic genera belonging to Enterobacteriaceae (Escherichia, Shigella, Salmonella) with an increase in Ruminococcaceae and Lachnospiraceae (autochthonous taxa) in the post-LT period. 70 The changes in the microbiota correlated with improved cognition in the post-LT period. In a more recent study, examining the functional aspect of the microbiota post-LT, the same investigators enrolled 40 patients and followed them to 7 AE 3 months post-LT. They found similar compositional changes in the fecal microbiota post-LT. In the metabolomics part of the study they examined stool for BAs with serum and urine metabolomics. Serum endotoxemia reduced post-LT. They noted that post-LT there was an increase in the ratio of secondary to primary fecal BAs, suggesting an increased bile flow from the liver with increased conversion by the microbiota. There was restoration of SCFA metabolism profile (ie, reduction in SCFA) and restoration toward long-chain fatty acid profile. Urinary phenylacetylglutamine level increased post-LT indicating a return of ammonia metabolism in the microbiota. Interestingly urinary trimethylamine oxide levels increased post-LT, indicating resumption of production via a restored gut microbiota and liver. 71 In conclusion, both rifaximin and LGG result in a functional reversal of dysbiosis in cirrhosis with reduction in endotoxemia and systemic inflammation which can help in prevention of decompensation in cirrhosis. Rifaximin and lactulose do not compositionally alter the microbiota but LGG results in beneficial compositional changes. LT results in a recovery in microbial diversity in the post-LT period for up to 1 year, with restoration of multiple important microbial and hepatic functions but remains worse than control subjects. Figure 3 explains the complex interaction among dysbiosis, BAs, inflammation during cirrhosis, and post-LT.
Future Concepts
There are several areas that require future research in this rapidly evolving field of microbiota research in liver disease. These have been summarized in Table 2 . Specific areas in which some progress has been made but more work is needed are shown in the following sections.
Fecal Microbial Transplant
One of the newer novel methods for restoring the gut microbiota being explored is the use of fecal microbial transplant (FMT) in the setting of recurrent OHE. The goal here is a direct infusion of stool from a rationally derived donor (ie, high Lachnospiraceae or Ruminococcaceae) may improve dysbiosis and mental status. A handful of small studies or single patient case reports exist 72 for FMT in cirrhosis, but in a larger phase 1 larger study investigators infused the donor stool as a 1-time enema in 10 male outpatients with recurrent OHE, comparing them to standard of care. Patients were given a 5-day course of broad-spectrum antibiotics before the FMT. Patients were followed up for up to 150 days postintervention, but samples were only collected at baseline, 5 days post-FMT, and day 20 post-FMT. In the FMT group there was a significant improvement in cognition, no readmission for OHE, reduced all-cause readmission, and a recovery of antibiotic-associated collapse in microbial diversity to baseline levels. 73 In analysis of the bacterial functionality pre and post FMT there were multiple significant findings. First, fecal BA profile was restored post-FMT (ie, secondary BAs increased and primary reduced, to baseline levels. Second, SCFAs that fell pre-FMT were restored partly post-FMT and lastly, the predicted functionality related to xenobiotic and lipid metabolism were higher after antibiotics, whereas bioenergetics, BAs, amino acids, glycans, and vitamin or cofactor metabolism were higher post-FMT. 74 Another phase 1 trial involving FMT via oral capsules in recurrent OHE has been completed (NCT03152188).
The role of FMT in cirrhosis is evolving and several unanswered questions remain regarding the 5 Ds of FMT: decision (which patients are candidates), discussion (risk-benefit discussion with patients), donor (1 or multiple, known donor or from a stool bank), delivery (nasojejunal, oral capsules, enema, colonoscopy), and discharge (integration of pre-existing SBP prophylaxis and rifaximin because traditionally antibiotics are withheld post-FMT in most cases).
Oral-Gut-Liver-Brain Axis
The oral cavity microbiome also undergoes dysbiosis in cirrhosis though this is less well understood. Most of the oral organisms are commensals such as Streptococcus and Veillonella. In cirrhosis, oral microbial dysbiosis can manifest with gingivitis and periodontitis. [75] [76] [77] Grønkjaer et al 78 prospectively studied 110 cirrhosis patients and noted an increased incidence of periodontitis and inflammatory markers. The etiology and severity of liver disease was not a predictor of periodontitis. 78 Dental infections which could be associated with oral dysbiosis are higher in cirrhosis patients and increased dental infections associate with a shorter time to transplant. 79 Salivary dysbiosis or oral dysbiosis seems to be prominent in cirrhosis, and follows intestinal dysbiosis trends and associations with inflammation. 60 From an infections perspective, studies have noted an increase in systemic infections by GP and oral origin microorganisms. 39, [80] [81] [82] The phenomenon of distal migration of oral bacteria was noted by Qin et al 9 then reconfirmed and hypothesized to be an epiphenomenon secondary to the use of PPI therapy. 58, 83 This process may be critical to the infectious process. One study is evaluating the role of prophylactic dental cleaning in cirrhosis patients to study the effect on systemic inflammation and dysbiosis showed improvement in cognitive function, quality of life and dysbiosis in patients with hepatic encephalopathy (https://www.ncbi. nlm.nih.gov/pubmed/30118351) (NCT03030820).
To conclude, the oral cavity is a potent source of inflammation in cirrhosis. Oral microbiota undergoes dysbiosis in cirrhosis. Cirrhosis patients with worse dental disease have worse outcomes. Oral microbial dysbiosis is similar to stool dysbiosis and predicts readmissions. By modulation of the axis via dental cleaning we can reduce a source of inflammation and endotoxemia and modify outcomes in cirrhosis.
Further studies are needed to definitively establish the oral cavity as a source of inflammation and potentially promote oral care in all cirrhotic patients and not just those who are being considered for transplant. In addition, judicious use and withdrawal of PPI use in patients in which it is not indicated needs to be studied systematically from a microbial perspective in larger studies.
Fungal Dysbiosis in Cirrhosis
Another important topic is fungal dysbiosis or disruption of the intestinal mycobiome. In an interesting translational paper Yang et al noticed that fungal products such as b-glucan were higher in the plasma of mice fed alcohol chronically. Alcohol feeding resulted in intestinal fungal overgrowth that correlated with the b-glucan. Interestingly Candida parapsilosis relative abundance decreased while other species increased. These changes were mitigated with antifungal therapy to the mice. Yang et al 84 further went to show that fungal bglucan resulted in upregulation of plasma IL-1b. Comparing alcoholic cirrhosis to healthy control subjects and HBV cirrhosis (nonalcohol consuming) it was noted that alcoholism resulted in fungal dysbiosis with increase in Candida species irrespective of liver disease stage. Alcoholic cirrhosis patients had increased fungal dysbiosis, systemic exposure, and immune response to the fungi. 84 In another study comparing all etiology cirrhotic (inpatient and outpatients) with healthy control subjects in a cross-sectional arm and a prospective follow-up arm over a 6-month period, researchers noted that fungal diversity (defined by Shannon diversity index <1%) was most affected in those cirrhotic patients who were on antibiotics and worst in the inpatients on antibiotics. The inpatient group was noted to have a higher relative abundance of Candida species. Interestingly during longitudinal follow no significant changes to the fungal diversity pre-and post-PPI use was noted. The researchers also studied microbiota dysbiosis and developed the Bacteroidetes or Ascomycota ratio, which was a valid prediction tool for 90-day hospitalization. They concluded that antibiotic use was a major risk factor for fungal dysbiosis in cirrhosis. 85 More recently, as part of the North American Consortium for the Study of End-Stage Liver Disease study group looking at a large multicenter cohort of cirrhotic patients, the investigators studied groups with fungal infections to bacterial infections and no infections. The risk factors associated with fungal infections were intensive care unit stay (OR, 3.17), bacterial infections on admission (OR, 2.15), diabetes mellitus (OR, 1.79), and acute kidney injury (OR, 1.74). Fungal infections were significantly associated with higher ACLF (43% vs 6% in the noninfected cohort) and lower 30-day survival (66% vs 86% in the bacterial infections cohort vs 93% in the uninfected cohort). 86 Hence, we see that fungal infections in cirrhosis are not uncommon, occur more often in alcoholic cirrhotic patients and those taking antibiotics, and are associated with a higher mortality. Hence, good antibiotic stewardship is necessary, and one must pay attention to culture negative infections in cirrhosis.
Further strategies focusing on earlier microbial culture-independent techniques to diagnose fungal and resistant bacterial infections earlier than current culturedependent techniques are needed.
Older Patients and HE
This topic of the elderly or ageing cirrhosis patients is becoming increasingly relevant as the population in Western countries and worldwide is projected to reach 1 billion by 2030 (National Institute on Aging). The process of ageing brings about multiple physiological changes to the body and affects the gut microbiota. Elderly people with no chronic liver disease conditions tend to have dysbiosis with a shift toward Bacteroidetes in those who are frail. 87 When elderly cirrhotics were compared with noncirrhotic patients and reclassified based on neurophysiological status (ie, amnestic memory impairment and amnestic or anamnestic memory impairment,) the latter group was noted to have a reduced relative abundance of autochthonous and oral origin families but higher abundance of Bacteroides. The unimpaired patients had a higher relative abundance of Faecalibacterium compared with impaired patients. Hence, the microbes could also be used to differentiate who has memory compared with other issues.
Further studies are needed to integrate the aging gastrointestinal tract with liver disease pathophysiology and the resilience of the gut microbiota in elderly patients with liver disease. The role of microbial products in the progression and overlap of dementia and HE as well as in the metabolism of liver-related drugs is needed.
Conclusion
Cirrhosis is not just a liver disease but a multisystem disease. The common thread between the organ systems could be the gut microbiota and its pathological change in this multisystem disease state (ie, dysbiosis). Dysbiosis is associated with systemic inflammation, endotoxemia, and poor outcomes, but is a potential modifiable factor. Modulation could be done at a compositional or a functional level. Our goals of therapy in cirrhosis in the future could be to target the gut-liver axis to reduce mortality in cirrhosis.
